Introduction {#S0001}
============

The subjective experience of sleepiness represents a feeling of exhaustion[@CIT0001] and/or an effort to remain awake.[@CIT0002] It is associated with changes in the EEG pattern, eye movements, performance capacity and accident risk.[@CIT0003] The main regulatory factors are amount of prior sleep,[@CIT0004] quality of sleep (fragmentation),[@CIT0005] time since prior sleep, and time of day.[@CIT0006]

Sleepiness is clearly expressed in the working brain,[@CIT0007] and this raises the question whether there also may be links to brain morphology. From a theoretical standpoint, the thalamus is of major interest for a study of subjective sleepiness and GM volume because of its key role in regulation of arousal and vigilance.[@CIT0008] In addition, Poudel et al[@CIT0009] showed that thalamic activity was reduced during micro-sleep episodes, as well as activity in midbrain areas, posterior cingulate cortex (PCC), and occipital areas. Also, Olbrich et al found reduced thalamic activity during lower vigilance EEG states.[@CIT0010] In the only study of ratings of sleepiness and thalamic activity, Maire et al showed a parallel development of less activity in thalamus and higher KSS values.[@CIT0011]

Another theoretically interesting structure in this context is the insular cortex, since its anterior part is associated with awareness of internal states[@CIT0012] and is a central node in a network of regions that form an intrinsic interoceptive network.[@CIT0013] More specifically, it has been proposed that the anterior part is associated with subjective experiences, including feeling states and emotional awareness.[@CIT0012] Thus, one might argue that the subjective experience of sleepiness may be seen as a feeling state based on interoceptive input from various biological systems in need of sleep. No empirical support is available, however.

While the studies above suggest that thalamus and insula should be likely starting points for investigating the link between subjective sleepiness and GM volume under conditions of normal sleep, they have been focused on activation in the structures, not volume. The only studies of sleepiness and actual GM volume found a negative association for a cluster in the orbitofrontal cortex[@CIT0014] and the hippocampus.[@CIT0015]

A number of studies have investigated BOLD activation during performance tasks after, or during, sleep deprivation. In these studies, structures like the dorsolateral prefrontal cortex (DLPFC) and the intraparietal sulcus usually show reduced task-related activation after sleep loss.[@CIT0016]--[@CIT0020] However, the regions being affected by severe sleep loss may not necessarily be the same ones that are involved in sleepiness in well-rested individuals, and we have, therefore, not included such structures among our regions of interest.

A study of sleepiness and brain morphology should also consider aging as a possible moderator since sleepiness decreases with aging,[@CIT0021],[@CIT0022] as does the thickness of the cortex.[@CIT0023] This suggests that a lower gray matter (GM) volume may be associated with less sleepiness across age groups. However, this contrasts with the previously mentioned negative association for a cluster in the orbitofrontal cortex[@CIT0014] and hippocampus.[@CIT0015] The latter studies did not consider age, however. Higher age is also associated with shorter sleep,[@CIT0024] which contrasts with the association of lower sleepiness with higher age. These, somewhat incommensurate, observations indicate the need for considering also age and sleep duration when investigating sleepiness and GMV.

The purpose of the present study was to investigate the link between self﻿-reported momentary subjectively experienced sleepiness in the MR scanner and brain morphology in younger and older adults, as measured by GM volume in the thalamus, anterior insula, orbitofrontal cortex, and hippocampus after a full night's sleep. We also tested whether age would modify observed associations. The main hypothesis is a negative association between GM volume and sleepiness in the orbitofrontal cortex and hippocampus. Albeit preliminary, this may also be valid for thalamus and anterior insula GM volume. The present study is part of the Stockholm Sleepy Brain Project focusing on sleep restriction, polysomnography, and brain imaging.[@CIT0025],[@CIT0026]

Methods {#S0002}
=======

Design {#S0002-S2001}
------

The participants underwent a night of full sleep and a night of partial sleep deprivation in a balanced cross-over design. Sleep was monitored by polysomnography (PSG) in both conditions.[@CIT0027] The present paper presents the MRI data from the full sleep condition. For increased ecological validity, sleep recordings were carried out in the participants' homes. MRI was performed in the evening following the recorded sleep (approximately between 18:00 and 21:00). The evening was selected in order to use also the time awake during the day as an inducer of sleepiness. All participants provided written informed consent and the trial was conducted in accordance with the Declaration of Helsinki.

Participants {#S0002-S2002}
------------

The participants were recruited through posters on campus sites in Stockholm on the studentkaninen.se website, and in newspaper ads,[@CIT0028] The responders were first screened through an online questionnaire and then followed up with an interview. The exclusion criteria were ferromagnetic items in body, claustrophobia, being pregnant, refractive error exceeding 5 diopters, being color-blind, being left﻿-handed, psychiatric (including depression; score \>8 for anxiety or depression on the Hospital Anxiety and Depression Scale (HADS)[@CIT0029]) or neurological illness, addiction, hypertension, diabetes, use of psychoactive or immune﻿-modulatory drugs, use of nicotine every day, \>4 cups of coffee per day, insomnia (Insomnia Severity Index \>15[@CIT0030]), extreme morningness or eveningness (using a single item from the diurnal type scale,[@CIT0031] including a habitual bedtime before 1 am). Furthermore, sleep apnea was identified through finger plethysmographic recording during the sleep preceding the MRI scan. Those with sleep apnea were excluded from further analyses. The criterion for inclusion was set to ≤5 events/h of oxygen desaturation \>3%. Moreover, the participants should not study, or have studied, medicine or psychology, to avoid individuals prone to meta-cognitions while undergoing experiments. [Table 1](#T0001){ref-type="table"} shows the demographic and clinical variables. The participants were also required to understand and speak Swedish fluently and to live in the greater Stockholm area. In total, 84 individuals were included in the final neuroimaging analyses (young, n=46; older, n=38). For a detailed description of the included and excluded participants, see [<https://openarchive.ki.se/xmlui/handle/10616/45181>]{.ul}. The participants were paid SEK 2500 (approximately EUR 280/USD 360), which was subject to tax. They were also offered a taxi to and from the MRI center.Table 1Background Data for the Two Age Groups, and ANOVA Results for the Difference Between GroupsYoung\
Mean±SDOlder\
Mean±SD*FP*N4242Age23.8±2.668.6±2.6BMI22.9±3.1424.5±3.364.70.033Subjective health (1--7)4.58±0.544.67±0.540.50.463Women %52%47%0.20.850HADS anxiety3.02±2.51.33±1.413.30.001HADS depression1.20±1.371.14±0.990.10.750ISI10.6±2.19.1±1.613.90.001KSQ (1--6)5.26±0.425.23±0.500.10.798Enough sleep (1--6)4.11±0.744.56±0.509.40.003Sleep need (h)7.86±0.887.39±0.855.80.018Habitual sleep duration (h)8.53±1.308.22±1.301.10.290Recorded sleep (TST, h)6.61±1.307.16±1.406.050.017[^1]

MRI Acquisition and Preprocessing {#S0002-S2003}
---------------------------------

A General Electric Discovery 3 Tesla MRI scanner equipped with an 8-channel head coil was used. The T1-weighted anatomical scan was acquired with a sagittal BRAVO sequence, field of view 24 cm, slice thickness 1 mm, TI 450 ms, flip angle 11, matrix 240x240, 180 slices, TR=6.4 ms, TE= 2.8 ms, interleaved acquisition from bottom up. The MRI acquisition session started with a 4 minute anatomical T1-scan, followed by functional MRI scans totaling approx. 1 hour, and it ended by structural scan (T2 and diffusion tensor imaging). Structural and functional imaging data are available at [<https://openfmri.org/dataset/ds000201>]{.ul}.

After a visual inspection of the raw T1﻿-image, voxel-based morphometry (VBM) was run using the computational anatomy toolbox version 12 (CAT12; [[http://dbm.neuro.uni--jena.de/cat12](http://dbm.neuro.uni–jena.de/cat12)]{.ul}) implemented in the statistical parametric mapping version 12 (SPM12; [<http://www.fil.ion.ucl.ac.uk/spm>]{.ul}). The T1﻿-weighted images were subject to spatial registration, segmentation, and correction for bias, noise and intensity (default parameters). All of the images were normalized to Montreal Neurological Institute (MNI) template space with 1.5 mm isotropic voxels. Sample homogeneity was checked on all 84 VBM images and no outlier was found. Subsequently, in line with the CAT12 toolbox manual, images were smoothed with a full﻿-width at half maximum kernel of 8 mm.

Self-Ratings {#S0002-S2004}
------------

For descriptive purposes, we used several rating scales: The Karolinska Sleep Questionnaire (KSQ),[@CIT0032] contains a sleep quality index of 4 items describing the frequency of having difficulties falling asleep, premature awakenings, restless sleep, and frequent awakenings. The response alternatives ranged from never (6) to almost all days of the week (1). Items such as difficulties falling asleep, repeated awakenings, restless sleep, and premature awakening were combined into a sleep quality index. In the present study, items on "enough sleep" (6=always, 1=never), need for sleep (h), and habitual sleep duration were also used. The Insomnia Severity Scale (ISI) contains 8 questions on sleep problems.[@CIT0033] Subjective health was rated on a 1--7 scale, from very poor to very good. In addition, The Hospital Anxiety and Depression scale[@CIT0029] was used. The latter has a cut-off point for clinical cases at 8.[@CIT0034]

The session included 7 tasks: a structural scan, resting state, 3 tasks with different types of visual stimuli of emotional character (emotional mimicry, empathy for pain, and emotional reappraisal), followed by a new resting state, and a structural scan. Between the 8 sessions in the scanner, the participants were prompted through the visual presentation system to rate their sleepiness (at 7 time points) using a hand﻿-held response panel to move a cursor to the appropriate response. The 7 points were then averaged for analysis. The scale was the Karolinska Sleepiness Scale (KSS).[@CIT0002],[@CIT0003] This is a single﻿-item question with 9 ordinal anchored response alternatives, ranging from 1=very alert to 9=very sleepy, fighting sleep, an effort to keep awake). Self﻿-reported sleepiness has been reported in a previous paper on the polysomnography the night before the MR recording.[@CIT0027] However, since the sample in the present study differed slightly from the previous one, due to MRI restrictions, the KSS values (means across the 7 time points acquired during the MRI) are also presented here.

Polysomnography {#S0002-S2005}
---------------

Polysomnography was recorded the night before each session in the scanner. The recordings were made according to standard procedure[@CIT0035] and scored according to standard criteria.[@CIT0036] The results have been presented in Åkerstedt et al.[@CIT0027] Here, total sleep time (TST) is used as a covariate.

Data Analysis {#S0002-S2006}
-------------

Data analyses on self-ratings and polysomnography were performed using the STATA Statistical Software, v. 15.0 (STATA, College Station, TX, USA). Quality checked and preprocessed brain images were entered into second level statistical analyses in SPM12. One- and two-sample *t*-tests with covariates (see below), ie total intracranial volume (TIV) and KSS, were used in the following models. Design orthogonality was checked, and it was suggested that TIV correlated to KSS. Therefore, in accordance with the CAT12 manual, we used the global scaling transformation on intracranial volume (ie overall grand mean scaling). Absolute threshold masking was set at 0.006 to differentiate between gray and white matter.

Small volume correction was performed within selected regions using the corresponding function in SPM12, ie each anatomically defined region independently. We also performed conservative post hoc tests with small volume correction including all ROIs simultaneously (see [Figure 1](#F0001){ref-type="fig"}). In alignment with Malone et al,[@CIT0037] each subject's total intracranial volume was entered as a nuisance variable in all subsequent analyses. Furthermore, the symptoms of depression and anxiety were entered as covariates without interest since they correlate with sleepiness and represent potential confounders.[@CIT0038]Figure 1Demonstration of anatomically defined regions of interest (ROIs): insula cortex, hippocampus, frontal superior orbitofrontal cortex/rectus gyrus and thalamus.

All structural ROIs were defined bilaterally since we had no hypotheses on laterality. Based on previous VBM studies on GM volume and sleep (for more details, see introduction), the following four ROIs were defined: insular cortex, frontal superior orbitofrontal cortex/gyrus rectus,[@CIT0014] hippocampus,[@CIT0015] and thalamus,[@CIT0039] as defined by the Automated Atlas Labeling atlas from the Wake Forest University PickAtlas.[@CIT0040],[@CIT0041] The significance threshold level inside ROIs was set at *P*\<.05 with a family﻿-wise error (FWE) correction. The voxel-wise whole-brain analyses were reported with uncorrected α set at ≤.001, and a cluster threshold was also set at 51 mm^3^ (equals 15 voxels). Whole-brain regional clusters surviving false discovery rate (FDR) (*P*\<.05) were considered significant.

Results {#S0003}
=======

Age Differences in Sleepiness and GM Volume {#S0003-S2001}
-------------------------------------------

Self﻿-rated sleepiness differed between the two age groups, mean±sd KSS=5.33±1.5 for young adults and 4.58±1.4 for older adults (t(85)=2.38, P=.019). GM volume in clusters in all of the ROIs was smaller in older individuals compared to younger ones (*Z*\>4.95, *P^FWE^*\<.001).

KSS and GM Volume {#S0003-S2002}
-----------------

The association between KSS and GM volume (with the age group as a covariate of no interest) was not significant in any ROI (*P*^FWE^\>.420 for negative associations and *P*^FWE^\>.569 for positive associations).

Age Differences (Interactions) in KSS-Associated GM Volume {#S0003-S2003}
----------------------------------------------------------

In older, relative to younger adults, the clusters within the bilateral insular cortex and thalamus regions of interest were negatively associated with sleepiness ([Table 2](#T0002){ref-type="table"}, [Figures 2](#F0002){ref-type="fig"} and [3](#F0003){ref-type="fig"}). In a fully adjusted small volume correction including all of the ROIs simultaneously, the age--interaction effects (negative associations in the older group, and no associations in the younger group) were significant in clusters in the bilateral insula (left: *P*^FWE^=0.044; right: *P*^FWE^=.026) and right thalamus (*P*^FWE^=.005) but not in the left thalamus (*P*^FWE^=0.111). Interestingly, the clusters were located in the mid-anterior insula. Third, in contrast to our expectations, we did not find an interaction effect between the age group and KSS on GM volume in the hippocampus or the frontal superior orbitofrontal cortex/gyrus rectus.Table 2Age Group Interactions of Associations Between Sleepiness (KSS Scores) and GM VolumeRegion of Interest (ROI)Age EffectMNI (x, y, z)ZVoxels (mm^3^)P^FWE^L insulaInteraction Y+ O----34, 8, --154.026605**0.015**R insulaInteraction Y+ O--32, 9, --184.425947**0.009**L Sup OFC/rectus gyrusInteraction Y+ O----10, 20, --142.16∞0.895R Sup OFC/rectus gyrusInteraction Y+ O--8, 21, --202.1822710.884L hippocampusInteraction Y+ O----24, --22, --163.1224570.149R hippocampusInteraction Y+ O--15, --32, 93.1729770.131L thalamusInteraction Y+ O----15, --22, 23.753068**0.020**R thalamusInteraction Y+ O--20, --26, 44.604074**0.001**[^2] Figure 2Demonstration of sleepiness (KSS scores)-associated thalamic gray matter volume in younger and older adults. The plots show the age interaction effect suggesting that sleepiness is negatively associated with left and right thalamus gray matter volume in older adults, but positively associated in younger individuals. The colors in the brain plot represent statistical *t*-values ranging from 0 (black) to 5.0 (white).**Abbreviation:** KSS, Karolinska Sleepiness Scale.Figure 3Demonstration of sleepiness (KSS scores)-associated insula gray matter volume in younger and older adults. The plots show the age interaction effect suggesting that sleepiness is positively associated with left and right insula gray matter volume in younger adults, but negatively associated in older individuals. The colors in the brain plot represent statistical *t*-values ranging from 0 (black) to 4.5 (white).**Abbreviation:** KSS, Karolinska Sleepiness Scale.

For completeness, exploratory voxel-wise whole-brain analyses on the main effect of age on sleepiness﻿-associated GM volume are presented in [Table 3](#T0003){ref-type="table"}. In [Table 4](#T0004){ref-type="table"} both groups are combined. After whole-brain cluster-level correction, we found no significant associations (*P*^FDR^\>.05).Table 3Exploratory Whole-Brain Analyses on Age Group Interactions of Associations Between Sleepiness (KSS Scores) and GM VolumeRegionAge EffectMNI (x, y, z)*Z*Voxels (mm^3^)*P*(Uncorr)R thalamusInteraction Y+ O--20, --26, 44.601485\<.001R insulaInteraction Y+ O--32, 8, --184.351593\<.001L insulaInteraction Y+ O----34, 8, --164.282228\<.001R insulaInteraction Y+ O--44, 16, --64.09378\<.001L cerebellumInteraction Y+ O----18, --74, --484.011529\<.001R cerebellumInteraction Y+ O--46, --74 --323.831232\<.001L thalamusInteraction Y+ O----15, --22, 23.75270\<.001R postcentralInteraction Y+ O--39, --34, 583.60250\<.001R cerebellumInteraction Y+ O--8, --48, --363.3695\<.001L parietal superiorInteraction Y+ O----27, --62, 443.36139\<.001R cerebellumInteraction Y+ O--26, --78, --543.32422\<.001[^3] Table 4Exploratory Whole-Brain Main Effects of Associations Between Sleepiness (KSS Scores) and GM Volume for Both Groups Together.RegionAge EffectMNI (x, y, z)*Z*Voxels (mm^3^)P (Uncorr)R frontal mid orbitofrontalMain YO+22, 52, --103.52135\<.001L cerebellumMain YO----12, --58, --624.211225\<.001R cerebellumMain YO--28, --84, --393.83425\<.001L rolandic operculumMain YO----45, --6, 43.72246\<.001R cerebellumMain YO--15, --57, --633.69516\<.001[^4][^5]

Given that KSS was related to depressive symptoms in younger adults, and that anxiety symptoms differed between age groups (see below), we entered HADS Depression and HADS Anxiety scores as covariates of no interest in two separate models. In the fully adjusted analysis including all of the ROIs, age interactions on KSS were still seen in clusters in left (*P*^FWE^=.048) and right insula (*P*^FWE^=.028) as well as in right thalamus (*P*^FWE^=.005) after adjusting for depression and anxiety. Similarly, sex and BMI were entered as covariates of no interest, and the age interactions on KSS and GM volumes were maintained (*P*^FWE^\<.041) in clusters in the bilateral insula and the right thalamus (*P*^FWE^\<.041). After adding TST as a covariate of no interest, no significant age interaction on GM volume remained in any of the ROIs (*P*^FWE^\>.097).

Within-Groups Analyses {#S0003-S2004}
----------------------

Brain regions demonstrating a significant age interaction effect were also analyzed within each age group separately. We found that thalamus GM volume was negatively associated with older adults' sleepiness, both in the left (xyz \[--16, --22, 3\], Z=3.49, *P*^FWE^=.046, cluster size=3878 mm*3*) and right (xyz \[21, --26, 6\], *Z*=4.11, *P*^FWE^=.006, cluster size=5501 mm^3^) hemisphere. At trend, older adults' insula GM volume was negatively associated with sleepiness (right insula: Z=3.65, *P*^FWE^=.054; left insula: Z=3.51, *P*^FWE^=.084). The positive association between GM volume and sleepiness (found as an age group interaction effect) was not significant in the younger group alone (thalamus: *Z*\<2.85, *P*^FWE^\>.241; insula: Z\<3.45, *P*^FWE^\>.102).

Hospital Anxiety and Depression Scale {#S0003-S2005}
-------------------------------------

Depressive symptoms, as determined by the HADS Depression subscale, did not differ between younger and older adults. Nevertheless, KSS was positively associated with depressive symptoms in younger adults (Pearson's *r*=0.29, *P*=.046), but not in older adults (*r*=0.22, *P*=.178). In addition, anxiety symptoms (HADS Anxiety subscale) were higher in younger relative to older individuals. However, they were not associated with KSS in younger or older adults (*r*\<0.03, *P*\>.83).

Discussion {#S0004}
==========

The results showed that sleepiness, as well as thalamic and insular GM volume, was lower in older adults. The association between GM volume and sleepiness was not significant across age groups, however. We also found an interactive association of age and sleepiness in right thalamus and bilateral insula GM volume. In the older group, sleepiness decreased significantly with increasing GM volume in clusters in thalamus and at trend in insula, while there was no significant association in the young group. These associations were modified after adjusting for gender and BMI, and were eliminated after adjusting for the TST of the immediately preceding sleep.

With regard to the first finding, there is no previous work on reported sleepiness and GM volume across age groups, but the results agree with the observations of lower sleepiness in older individuals,[@CIT0021],[@CIT0042] on the one hand, and with observations of lower GM volume in older individuals,[@CIT0023] on the other hand. Still, the association in the present study between GM volume and sleepiness was not significant for the two age groups combined. One reason may be that the difference in sleepiness between the age groups is rather modest (0.75 KSS units), even if significant. This may, in turn, be related to the screening procedure, in which individuals in good health and without sleep problem were selected. This needs to be considered in future studies.

The second finding, of a negative association between sleepiness and GM volume in thalamus and insula, in the older group, agrees in terms of direction with the negative association with sleepiness (using the ESS) found for GM volume of a cluster in the orbitofrontal cortex[@CIT0014] and hippocampus.[@CIT0015] We could not, however, confirm the findings for the latter two regions. One reason could be that those studies used the Epworth Sleepiness Scale which describes *habitual* sleepiness. The latter may not be representative of the momentary sleepiness measured in the present study.

The findings for thalamus are also in line with the notion that this structure is a regulator of brain arousal.[@CIT0008] Also, recently Månsson et al[@CIT0043] reported that an individual's mental state affects indices of GM volume. It remains speculative at this point, but it could be that older individuals' thalamic and insula brain morphometrics are sensitive to momentary sleepiness.

The third finding was the interaction between sleepiness related insula (bilaterally) GM volume, and age. The pattern was the same as for thalamic clusters: a negative association at trend in the older group, and no significant association in the younger group. Much of the reasoning regarding the thalamus can probably be applied similarly to the insula, although the insula does not have the arousal regulatory role that the thalamus has. Rather, the link between sleepiness and insula seems logical from the role of the insula as a center for awareness of the state of the organism[@CIT0012] and its role in the intrinsic interoceptive network that controls and represents the autonomic and hormonal systems in the body.[@CIT0013] While the posterior insula has been associated with the representation of interoceptive input, it has been suggested that the anterior insula is more related to subjective feeling states.[@CIT0012] Because sleepiness is measured as a subjective rating, it is of interest that the observed interaction is present in the mid-anterior insula and that the ability to recognize heartbeats, for example, is positively related to the volume of the anterior insula.[@CIT0044] Moreover, it has been suggested that a smaller insula is linked to a lower top-down regulatory capacity of information processing in insula,[@CIT0045]--[@CIT0048] which may be in line with the negative correlation trend between sleepiness and insula volume in the older group. This interpretation suggests that the insula findings may reflect the subjective awareness of the arousal level of the thalamus, possibly due to a dampened regulatory capacity of insula. We have previously reported that older participants in this dataset have lower regional homogeneity (ReHo) in bilateral insula compared to the younger participants.[@CIT0025] One possible unifying explanation could be that age-related vascular changes cause a loss of autoregulatory function in the vascular bed, leading to reduced ReHo and tissue shrinkage.

The observation that adjusting for TST eliminated the significant associations between GM volume and sleepiness in the older group may implicate a possible mechanism. This needs replication, and the finding indicates that the relation between TST, GM volume, and sleepiness should be investigated further. Another limitation of the present study is its cross-sectional character, which precludes causal inference, and does not exclude cohort effects. A sample across all ages would have made it possible to better understand whether a negative relation between GM volume and sleepiness reflects a gradual development across age.

Furthermore, a limitation may be that sleepiness ratings were obtained from the time in the MRI scanner. No ratings were obtained earlier during the same day. We do not know whether the obtained ratings represent whole day ratings of sleepiness. Most likely they do not, since the situation in the scanner is soporific -- lying down with dimmed lighting and carrying out relatively monotonous tasks. Apparently, intrusions of sleep are common,[@CIT0049] although in the present study's eye monitoring showed that longer eye closures did not occur during fMRI runs. We suggest, therefore, that the obtained ratings represent a susceptibility to sleepiness in a monotonous situation and that the results should be interpreted in that light.

In conclusion, the present study suggests that self-rated momentary sleepiness in a monotonous situation may be negatively associated with GM volume in clusters within thalamus, and possibly insula, in older individuals. A tentative interpretation is that larger thalamic and insulae GM volume may be protective against sleepiness in older individuals, but further investigation is needed, not the least given the negative result of the whole-brain analyses. However, the present results should be interpreted with caution and replication studies could further knowledge in the much-needed area of understanding determinants of sleepiness, and in extension, the puzzling relations between age, sleep need and experiences of sleepiness.

This work was supported by the Tercentenary Fund of Bank of Sweden, the Swedish Brain Foundation, The Swedish Science Council, the Fredrik and Ingrid Thuring Foundation, the AFA insurance company, and Stockholm Stress Center. We are grateful to Diana Cortes, Danielle Cosme and Roberta Nagai for assistance with polysomnography recordings, to Birgitta Mannerstedt Fogelfors for assistance with screening and instructions to participants, to Rouslan Sitnikov and Jonathan Berrebi for assistance with MRI sequences and auxiliary equipment, and to Hannes Ingre for entering sleep diary data into a spreadsheet. An abstract of this paper was presented as a poster presentation with interim findings at the 2018 Conference in Baltimore of the Associated Professional Sleep Societies. The poster's abstract was published as abstract 0149, page A58 in the journal SLEEP, April 1, 2018 (Oxford Academic Press/Sleep Research Society). [<https://doi-org.proxy.kib.ki.se/10.1093/sleep/zsy061.148>]{.ul}

Data Sharing Statement {#S0005}
======================

The project was preregistered at [<https://clinicaltrials.gov/ct2/show/NCT02000076>]{.ul} and approved by the Ethics Review board of the Stockholm region (Dnr 2012/1098--31/2). Methods, data, and technical validation have been reported in detail in a previous manuscript.^28^ All data are available immediately and indefinitely from the openneuro.org repository, doi: 10.18112/openneuro.ds000201.v1.0.3. We share the full deidentified imaging data set. Other data or documents may be obtained on request from the first author.

Author Contributions {#S0006}
====================

All authors made substantial contributions to conception and design, acquisition of data, analysis and interpretation of data, drafting the manuscript, revising the manuscript critically, read and approved the final draft of the manuscript for submission, gave final approval of the manuscript version to be published, and agreed to be accountable for every step of the work published, and agreed to be accountable for all aspects of the work.

Disclosure {#S0007}
==========

None of the authors have declared any conflicts of interest.

[^1]: **Abbreviations:** N, number of participants; KSQ, Karolinska Sleep Questionnaire; ISI, Insomnia Severity Scale (see below for details); HADS, Hospital Anxiety and Depression Scale; BMI, body mass index; TST, total sleep time (from polysomnography); h, hours; *F*, *F*-ratio; p, p-value for statistical significance.

[^2]: **Notes:** Y+ indicates a positive association in younger adults, and O-- indicatesnegative association in older adults. ^∞^Effects seen in left and right hemisphere belongs to the same cluster of GM volume; ﻿bold= significant p-values. x, y, z = coordinates.

    **Abbreviations:** GM, gray matter; MNI, Montreal Neurological Institute; L, ﻿left; R, ﻿right; Sup OFC, ﻿frontal superior orbitofrontal cortex; FWE, ﻿family wise-error correction; KSS, Karolinska Sleepiness Scale.

[^3]: **Notes:** Y+ indicates positive association in younger adults, and O-- indicatesnegative association in older adults.

    **Abbreviations:** GM, gray matter; MNI, Montreal Neurological Institute; L, ﻿left; R, ﻿right; KSS, Karolinska Sleepiness Scale; Uncorr, uncorrected. x, y, z = coordinates.

[^4]: **Notes:** YO+ and YO-- indicate the sign of the (+, positively; --, negatively) across both age groups. x, y, z = coordinates.

    **Abbreviations:** GM, gray matter; MNI, Montreal Neurological Institute; L, ﻿left; R, ﻿right; KSS, Karolinska Sleepiness Scale; Uncorr, uncorrected.

[^5]: All of the *P*s are Presented at an uncorrected level.
